ABSTRACT: Crops in general make poor use of phosphorous fertilizer and, as a result, recommended rates and production costs are very high. Phosphorus can be made more readily available to plants by proper management of phosphate fertilization, selecting both, type of fertilizer and application method. This study was carried out to evaluate the efficiency of the natural Gafsa rock phosphate and the triple superphosphate on dry matter production and P uptake by corn plants cultivated in a greenhouse. Fertilizers were applied localized and broadcast/incorporated on to two soils with contrasting phosphorus capacity factors (PCF). Rock phosphate broadcast application was as efficient as triple superphosphate in increasing corn plant dry matter in the Tropudult, with lower PCF. This effect was not observed on the Haplustox, owing to the lower P solubility due to the higher Ca concentration in this soil. Triple superphosphate rates increased plant P uptake in both soils and for both application forms. Rock phosphate resulted in higher P-content in plants, but only for broadcast application on the Ultisol. Key words: rock phosphate, phosphate fertilization, phosphorus fixation
INTRODUCTION
Highly weathered tropical soils have high phosphorus (P) fixing characteristics. In this environment, increasing P availability to plants can be achieved by proper management of phosphate fertilization, as well as by choosing the most suitable fertilizer for each soil type (Novais & Smyth, 1999) .
Fertilizers of higher phosphate solubility, such as triple superphosphate, are obtained from phosphate rock that is treated and concentrated by chemical means, and have a high concentration of P readily available to plants (van Raij et al., 1982) . Natural phosphates, on the other hand, can be divided in two categories: natural phosphates of low reactivity (igneous and metamorphic origin), and natural reactive phosphates (sedimentary origin).
In Brazil, natural phosphates have shown low initial efficiency in relation to superphosphates, improving after some years of application. Imported natural phosphates, such as the Gafsa, are usually more efficient than Brazilian ones. Gafsa phosphate can be as efficient as superphosphate when broadcast and incorporated into the soil, but localized application is much less efficient (van Raij et al., 1982) . Localized application of phosphorus has the advantage of temporarily decreasing soil fixation, but the disadvantage of reducing the number of roots in contact with the element. The higher the volume of soil in contact with the applied rate of P, the less P will be available to the plant, given the higher proportion of formed non-labile P. This trade-off between rate and localization is aggravated as the phosphorus capacity factor of the soil increases. Lower rates of phosphorus should be more efficient in supplying this nutrient to the plant when applied locally, but this does not mean that the supply is satisfactory, as it would be if a large rate of P is applied throughout the volume of soil available to the root system. However, a lower volume of roots in a restricted space, even if it is rich in phosphorus, may not be sufficient to supply the plant with all the required P. For satisfactory phosphorus uptake by the plant, P rates should be variable depending on the type of fertilizer and method of application (Novais & Smyth, 1999) .
Considering that mineral fertilizers, especially phosphates, are essential for increasing or maintaining crop productivity, it is obvious that there is need to improve application methods to avoid wastage so that farmers gain maximum benefit from such treatments.
The aim of this study is to assess the efficiency of both Gafsa phosphate and triple superphosphate on samples of two soils with different phosphorus capacity factors, using different rates and application methods, in relation to the production of dry matter and uptake of phosphorus by corn plants.
MATERIAL AND METHODS
Samples of two soils from the Pernambuco Forest Zone, Brazil were collected from the 0 to 0.2 m layer: a Tropudult from the municipality of Goiana (7°33'38'' S, 35°00'09'' W), and an Haplustox from Sirinhaém (8°35'27'' S, 35°06'58'' W). The soils were selected on the basis of two criteria: low concentration of available phosphorus and different maximum phosphate adsorption capacities (MPAC). Soil samples were air-dried, broken up and passed through a 2 mm sieve. After homogenisation, sub-samples were taken for chemical and physical characterization of the soil samples (Table 1) .
Soil acidity was altered by dosing with calcium carbonate and magnesium carbonate with a 4:1 molar ratio, determined beforehand by an incubation test. After acidity correction (pH in H 2 O: 6.7 for the Ultisol and 6.4 for the Oxisol), phosphorus rates were applied to samples and incubated for thirty days (Gonçalves et al., 1989) , with water content kept at 80% of field capacity. The applied phosphorus rates to each soil were determined according to the respective P-remaining value (Alvarez V. et al., 2000) . They corresponded to 0, 75, 150, 225 and 300 mg dm -3 for the Ultisol and 0, 120, 240, 360 and 480 mg dm -3 for the Oxisol, using triple superphosphate and Gafsa phosphate. These rates were applied in two ways: incorporation throughout the soil volume to simulate broadcast application and incorporation at the centre of the pot.
The experiment was carried out in a greenhouse using pots filled with 3.5 dm 3 of soil. Ten days after sowing, the maize (São José cultivar) was thinned, leaving two plants per pot. Nutrients were supplied to the plants, except for the phosphorus, based on Alvarez V. (1974) O). Pots were weighed to provide a reference for daily irrigation with distilled water to increase soil water content to 80% of field capacity. On the fortieth day after germination, the aerial plant parts were collected and oven-dried at 65ºC until a constant weight. The dry matter was assessed and the material ground up to carry out nitric-perchloric digestion and determine P levels in the extracts according to Braga & Defelipo (1974) . The experiment was set up as a randomized block design in a factorial scheme, with two types of soil, two phosphorus sources, two application methods for the sources and five rates, with three replicates, totalling 120 plots. The data were submitted to variance and regression analysis. The degrees of freedom for the treatments were broken down to assess the main effects of the factors and interaction among them.
RESULTS AND DISCUSSION
A significant difference was observed by the Ftest (P < 0.01) for production of dry matter in the aerial plant parts as a function of sources, for both soils (Table  2 ). In treatments with triple superphosphate, which on average produced a higher proportion of dry matter as compared to natural phosphate, the greater amount of P available probably offset the smaller volume of root in contact with the fertilizer, since no interaction (P < 0.05) was observed between application methods and rates of fertilizer. In line with this observation, other authors (Castilhos & Anghinoni, 1988; Alves et al., 1999) have also observed that the application of soluble P to only part of corn root systems does not influence the production of dry matter the plants.
On the other hand, Barreto & Fernandes (2002) confirmed that broadcast application with incorporation into the soil of triple superphosphate increased corn production in the Ultisol, by comparison with the localized application of this fertilizer. This apparently conflicting result is related to the low P absorption capacity of the soil studied by these authors, allowing a higher P uptake owing to the increased root contact with the fertilizer, with no significant increase in P-fixation. In our study, the lower rate of triple superphosphate used in the Ultisol (75 mg dm -3 ) supplied the P required for plant growth since there was an increased P-content in the plants receiving higher rates (Table 3 ) without a proportional increase in the production of dry matter (Table 2) , as observed by the square-root behaviour of production as a function of P rates (Table 4 ).
In the case of the loamy soil, despite the fact that the averages for different localizations of triple superphosphate did not differ by the F-test, the rate x distribution interaction was significant (P < 0.05), indicating a higher increase in the production of dry matter when rates of up to 240 mg dm -3 triple superphosphate were applied locally (Table 2) . Silva et al. (1993) and Prado et al. (2001) observed that sources of soluble P applied on a localized basis increased the production of corn dry Table 2 -Production of dry matter by corn shoot as a function of rates, sources and distribution of P in the samples of two soils with different phosphorus capacity factors.
Averages followed by the same letter, lower case between distributions and upper case between sources, did not differ in the F-test (P < 0.05). matter in two Oxisols. Above the rate of 360 mg dm -3 , however, the production of dry matter was the same for both methods of applying the fertilizer, indicating that the favourable effect of localized application of P regarding dry matter depends on the rate. Despite the high maximum phosphate adsorption capacity (MPAC) of this soil (Table 1) , high rates distributed throughout the volume of the soil were capable of supplying the P-contents required for plant growth, probably because higher quantities of the element were available in relation to the higher quantities adsorbed as a result of this type of application.
The production of dry matter of Gafsa phosphate treated corn was influenced by the method of application for the two soils, although this effect was much more pronounced for Ultisol (Table 2) , for which the effect of Table 3 -Phosphorus content of corn shoot dry matter as a function of rates, sources and distribution of P in samples of two soils with different phosphorus capacity factors.
Averages followed by the same letter, lower case between distributions and upper case between sources, did not differ in the F-test. Table 4 -Regression equations and determination coefficients between P rates (mg dm -3 ) and production of dry matter (g per pot) for corn plants submitted to triple superphosphate (TSP) and natural phosphate (NP) in two soils and using two application methods. **, * significant to 1 and 5%.Ŷ
the dose depended on the way in which the fertilizer (P < 0.01) was applied. For this soil, the broadcast application of natural phosphate with incorporation resulted in shoot dry matter production equal to that obtained with a soluble source, as suggested by van Raij et al. (1982) and Korndörfer et al. (1999) .
The recommended broadcast distribution with incorporation of natural phosphates, suggested by van Raij et al. (1982) , did not have a satisfactory effect in relation to localized application, although significant in the production of dry matter for the Oxisol (higher P capacity factor, Table 2 ). Shoot dry matter production obtained with Gafsa phosphate in both distributions on Oxisol was very low and lower than that obtained with triple superphosphate. Similar results were obtained by Coutinho et al. (1991) , Oliveira et al. (1996) , Sambatti et al. (1998) and Gatiboni et al. (2000) , who compared the effect of Gafsa phosphate with soluble phosphorus fertilizers on the production of green matter.
Calcium treatment can reduce the solubilization of natural phosphates due to the elevation of the pH and Ca content (Kaminski & Peruzzo, 1997; Novais & Smyth, 1999) . However, elevation of the pH was not the main reason for the lower efficiency of the natural phosphate in the Oxisol, since the pH of the two soils after calcium treatment was similar, whereas the P-contents of the plants for broadcast application on the Ultisol were very much higher than those observed under the same conditions for Oxisol (Table 3) . Exchangeable Ca contents in the soil after application of calcium, however, were much higher in the Oxisol (66.7 mmol c dm -3 ) than in the Ultisol (19.8 mmol c dm -3 ). Korndörfer et al. (1999) observed that the efficiency of Gafsa phosphate was practically equal to that of triple superphosphate in supplying P to corn plants in an Oxisol (pH in water: 5.8), with Ca contents (19 mmol c dm -3 ) very similar to those observed in the Ultisol. Therefore, the high content of exchangeable Ca was probably the main cause of lower solubilization of Gafsa phosphate in the Oxisol and, consequently, the lower efficiency of this source in relation to triple superphosphate.
In addition, the inverse relationship between the P capacity factor and uptake (Gonçalves et al., 1989; Carvalho et al., 1993; Novais & Smyth, 1999) may have contributed to this result. In this case, the lower quantity of P released by solubilization of the natural phosphate may have been adsorbed in the Oxisol at a rate higher than the plant capacity to take up the element. For the Ultisol, thanks to its lower P capacity factor, competition between fixation by the soil and uptake by the plant was not significant, resulting in higher contents available to the plants.
As a result of the natural scarcity of P in the soils, there was a strong increase in the production of plant dry matter after the addition of the first dose of the element, with a lower increase in production for subsequent doses, as characterized by the square-root adjustment obtained for the majority of regressions (Table 4) .
Comparing the two triple superphosphate application methods, there is a higher P-content in shoot dry matter using broadcast application with incorporation for the Ultisol, which is not the case for the Oxisol (Table 3) . However, the interaction (P < 0.05) between distribution and rate that occurred in the Oxisol reinforced that the localized application of the fertilizer promoted a higher accumulation of P for rates of 120, 240 and 360 mg dm -3 , confirming the results for dry matter production (Table 2 ). This soil with higher MPAC (Table 1) acted as a phosphorus drain and competed with the plant for phosphorus (Novais & Smyth, 1999) owing to the higher area of contact resulting from application with incorporation; at the highest rate (480 mg dm -3 ) this effect was not observed, probably owing to the higher availability of P to the plants at this high concentration, which could have hastened the fixation and increased the P-content in soil solution.
Localized application of triple superphosphate to soils with high maximum phosphate adsorption capacity provides a way of reducing contact between the phosphate fertilizer and the soil, thus reducing P adsorption, allowing the fertilizer to have a more prolonged residual effect, as observed by Fernández et al. (2000) in experiments with Eucalyptus camaldulensis assessed nine years after installation. **, * significant to 1% and 5%. ) and P-contents (mg per pot) in corn plants receiving triple superphosphate (TSP) in two soils and using two different distribution methods, and rates of Gafsa phosphate (GP) broadcast on Ultisol. 
